G 1 ͞S and G 2 ͞M cell cycle checkpoints maintain genomic stability in eukaryotes in response to genotoxic stress. We report here both genetic and functional evidence of a Gadd45-mediated G 2 ͞M checkpoint in human and murine cells. Increased expression of Gadd45 via microinjection of an expression vector into primary human fibroblasts arrests the cells at the G 2 ͞M boundary with a phenotype of MPM2 immunopositivity, 4n DNA content and, in 15% of the cells, centrosome separation. The Gadd45-mediated G 2 ͞M arrest depends on wild-type p53, because no arrest was observed either in p53-null Li-Fraumeni fibroblasts or in normal fibroblasts coexpressed with p53 mutants. Increased expression of cyclin B1 and Cdc25C inhibited the Gadd45-mediated G 2 ͞M arrest in human fibroblasts, indicating that the mechanism of Gadd45-mediated G 2 ͞M checkpoint is at least in part through modulation of the activity of the G 2 -specific kinase, cyclin B1͞p34 cdc2 . Genetic and physiological evidence of a Gadd45-mediated G 2 ͞M checkpoint was obtained by using GADD45-deficient human or murine cells. Human cells with endogenous Gadd45 expression reduced by antisense GADD45 expression have an impaired G 2 ͞M checkpoint after exposure to either ultraviolet radiation or methyl methanesulfonate but are still able to undergo G 2 arrest after ionizing radiation. Lymphocytes from gadd45-knockout mice (gadd45 ؊͞؊) also retained a G 2 ͞M checkpoint initiated by ionizing radiation and failed to arrest at G 2 ͞M after exposure to ultraviolet radiation. Therefore, the mammalian genome is protected by a multiplicity of G 2 ͞M checkpoints in response to specific types of DNA damage.
Mammalian cells have evolved an intricate defense network to maintain genomic integrity by preventing the fixation of permanent damage from endogenous and exogenous mutagens. Cellcycle checkpoints, a major genomic surveillance mechanism, exist at the G 1 ͞S and G 2 ͞M transitions that are regulated in response to DNA damage (1) . Defects in these steps may result in a mutator phenotype that is associated with tumorigenesis.
Tumor suppressor gene product p53 is implicated to be one of the essential components of cell-cycle checkpoints (2) (3) (4) (5) . p53 is a transcription factor that up-regulates a number of important cell cycle-modulating genes, including p21 WAF1͞CIP1͞SDI1 (p21) (6) (7) (8) and GADD45 (9) . p21 is a cyclin-dependent kinase inhibitor that is capable of inhibiting the activity of every member of the cyclin͞CDK family in vitro (10) and inhibits cell growth when overexpressed (6) . The ability of DNA-damaging agents to trigger the G 1 ͞S checkpoint is caused at least in part by p53-dependent p21 activation (11) . Inactivation of wild-type p53, a common event during human carcinogenesis (12, 13) , results in loss of the G 1 ͞S checkpoint after DNA damage (9) . Cells lacking p21 function, an infrequent event in human tumors (14) , also are deficient in the G 1 ͞S checkpoint (11, 15) . However, unlike p53-deficient mice, p21-deficient mice undergo normal development and normal apoptotic response, and do not have an increased frequency of spontaneous malignancies (11, 16) . These data indicate that factors other than p21 in the G 1 ͞S checkpoint pathway may be required for p53-mediated tumor suppression. Alternatively, other p53-mediated checkpoints may play more important roles in the prevention of tumorigenesis.
In contrast to the G 1 ͞S checkpoint, the mammalian G 2 ͞M checkpoint is poorly understood. This checkpoint prevents the improper segregation of chromosomes, which is likely to be important in human tumorigenesis (17, 18) . Genetic studies of Saccharomyces cerevisiae and Saccharomyces pombe have identified genes that are responsible for the G 2 ͞M checkpoint. Some of those genes are conserved between yeast and mammalian cells. For example, MEC1 and TEL1 in S. cerevisiae and RAD3 in S. pombe (19) (20) (21) (22) share significant homology with the human ATM gene, which is mutated in individuals with ataxia telangiectasia (23) . Mammalian cells lacking functional ATM display abnormal cell-cycle checkpoints after ionizing radiation (IR) (9, 24) , and a reduction or delay in radiation-induced p53, p21, and GADD45 induction (25, 26) . The human homologues of yeast Chk1, members of the14-3-3 family, and Cdc25 have been recently identified to be responsible for the IR-induced G 2 ͞M checkpoint (27) (28) (29) . p53 also modulates the G 2 ͞M transition (30) (31) (32) (33) (34) . Recent studies indicate that p53 can up-regulate 14-3-3, which can inhibit G 2 ͞M progression (35) . A requirement of p53 and p21 to sustain G 2 arrest after DNA damage has also been reported (36) . In addition, p53 has been implicated in both a mitotic-spindle checkpoint and centrosome duplication, which are required for proper chromosome segregation (31, 37) .
GADD45 was identified on the basis of its rapid transcriptional induction after UV irradiation (38) . Induction of GADD45 also is observed after several types of pathological stimuli including various environmental stresses, hypoxia, IR, genotoxic drug exposure, and growth-factor withdrawal (25) . Gadd45 binds to the proliferating cell nuclear antigen and p21 proteins (39) (40) (41) (42) that are important for DNA replication and cell growth (6, 43) . In addition, increased expression of Gadd45 causes growth inhibition of cells in culture (44) , suggesting that Gadd45 may be involved in the cell-cycle checkpoints.
By using a genetic approach, we report here that Gadd45 is necessary for a G 2 ͞M checkpoint control. Interestingly, Gadd45 is only responsible for either UV or methyl methanesulfonate (MMS)-induced, but not IR-induced G 2 arrest. These data indicate a multiplicity of G 2 ͞M checkpoints in mammalian cells.
encodes a 1.6 kb fragment of the human cyclin B1 cDNA. pcDNA-cdc25A, -cdc25B, and -cdc25C encode the human cdc25A, cdc25B, and cdc25C cDNA, respectively. These genes, subcloned by Koichi Hagiwara (National Cancer Institute), are under the control of the cytomegalovirus (CMV) early promoter. pact␤gal encodes a ␤-galactosidase (␤-gal) gene under the control of chicken ␤-actin promoter (46) . pGreen-Lantern (green fluorescent protein) was obtained from GIBCO͞BRL.
Cell Culture and Microinjection. Primary human fibroblasts (GM07532, GM00038, and GM03395) were obtained from Coriell Cell Repositories (Camden, NJ). A spontaneously immortal LFS041 fibroblast cell line with homozygous deletion of wild-type p53 was derived from a Li-Fraumeni patient as described (47) . These cells were grown in Ham's F-10 medium supplemented with 15% FBS. Only early passaged primary human cells (before passage 9) were used in experiments. A colon carcinoma cell line HCT-116 contains a functional p53 and p21, and HCT-116(Ϫ͞Ϫ) cells have a homozygous deletion of the p21 gene (15) . These cells were grown in McCoy's 5A medium with 10% FBS. The HCT-116-E6 cell line was derived from HCT-116 transfected with HPV-16 E6 gene, and this cell line has undetectable p53 protein (data not shown). A colon carcinoma cell line RKO and its derivative RKO-E6 cells were described previously (48) . All cells were maintained in the appropriate media at 37°C in a humidified atmosphere containing 5% CO 2 . The microinjection procedure was described previously (45) . Plasmid cDNA at a concentration of 100-200 g͞ml was used for microinjection, which results in an average of 10-20 molecules per cell. Because plasmids with broken ends were shown to be sufficient to induce p53 accumulation (49) , all of the microinjected plasmids were purified by the double CsCl centrifugation protocol. At least 50 positive cells were analyzed for each experiment. Data were obtained from at least three independent microinjection experiments. Control plasmids include pact␤gal and pGreen-Lantern (green fluorescent protein).
Antibodies and Immunocytochemistry Analysis. Cells were fixed and stained for appropriate antibodies as described previously in detail (45) . Anti-Gadd45 4T-27 mAb or anti-Gadd45 H-165 rabbit polyclonal antibody (Santa Cruz Biotechnology) was used for Gadd45 staining; a mitosis-specific MPM-2 mAb (Upstate Biotechnology) was used as a mitosis marker; anti-␤-gal antibody was used for ␤-gal staining. The corresponding secondary anti-rabbit IgG or anti-mouse IgG antibodies conjugated to fluorescein isothiocyanate (FITC) or Texas Red (Vector Laboratories) were used. The centrosome-specific antiserum (SPJ) was used to visualize centrosome. Nuclei were stained with 4Ј,6-diamidino-2-phenylindole (DAPI).
DNA Ploidy Analysis. Cells were fixed in acetone at Ϫ20°C and quantitatively stained for DNA content by the Feulgen reaction by using manufacturer's protocols (Becton Dickinson). Quantitative DNA analysis was performed by the CAS-200 image analyzer (Becton Dickinson). Calibration was performed by using the rat hepatocyte. For a quiescent population, fibroblasts were incubated in F-10 medium containing 0.1% FBS for 72 hr. Cells with the Gadd45-induced distinct morphology were located and marked under phase-contrast microscope before CAS image analysis.
Cell Cycle Analysis. For flow cytometry analysis, cells were harvested with 3.5 mM EDTA-PBS buffer, fixed with 70% ethanol for at least 1 hr at 4°C, treated with 20 g͞ml RNase A for 30 min, stained with 60 g͞ml propidium iodide for DNA content, and analyzed for cell cycle status with a FACScan cell sorter (Becton Dickinson). At least 10,000 cells were collected. The cell cycle profiles were calculated by using the CELLQUEST and MODFIT LT software. Experiments were repeated at least twice.
Mitotic Index Assay. Splenic lymphocytes were isolated from B16͞129 mice at 4-15 weeks of age. For each experiment, lymphocytes from spleens of two or three animals that were littermates were pooled either from gadd45Ϫ͞Ϫ animals or age-matched wild-type (gadd45ϩ͞ϩ) animals. The genotypes of these cells were verified by using Southern blot and PCR-based methods (data not shown). The cells were grown in RPMI 1640 medium (GIBCO͞BRL) supplemented with 10% heatinactivated fetal calf serum, glutamine, and antibiotics. Immediately after harvest, 45 ng͞ml 12-O-tetradecanoyl phorbol-13-acetate (PMA) (Sigma) and 0.75 M ionomycin were added; on the following day cells were diluted 1:2 with fresh medium that did not contain additional PMA or ionomycin. Two days after harvest, the suspension cells were centrifuged, transferred to a fresh flask, and suspended in medium containing 40 units͞ml IL-2 (Tecin, Roche) and 50 M 2-mercaptoethanol (Sigma). Cells were diluted daily with medium without cytokines to maintain a density of approximately 10 6 per ml and used 1 or 2 days after the addition of IL-2, when they were growing maximally. Under these conditions, the doubling time was Ϸ15 hr and the G 2 ͞M fraction was approximately 16% by fluorescenceactivated cell sorting analysis; the mitotic index of unirradiated cells was 2-3%, and it was estimated that the duration of G 2 was 2 hr or less. For UV irradiation, lymphocytes were irradiated with 254-nm germicidal bulbs in 150 mm dishes containing 15 ml of medium. Cells were then incubated at 37°C for 1 or 2 hr. At each time point, cells were harvested and treated with 0.075 M KCl for 12 min at room temperature, fixed in methanol͞acetic acid (3:1), spread on a glass microscope slide, air dried, and stained with 5% Giemsa. At least 3,000 cells were counted in each preparation. Data were obtained from three determents of the pooled lymphocytes from each collection and were expressed as the mean Ϯ SD.
RESULTS

Gadd45 Arrests Normal Human Fibroblasts at the G 2 ͞M
Boundary. p53 is a cell-cycle checkpoint gene (6, 9) and also a potent inducer of apoptosis (5, (50) (51) (52) . We recently demonstrated that increased expression of p53 by microinjection of an expression vector in either primary normal human fibroblasts or mammary epithelial cells predominantly led to apoptosis (45) . However, analysis of normal primary human fibroblasts microinjected with a GADD45 expression vector revealed that Gadd45 predominantly induces a G 2 ͞M arrest (Fig. 1) . Increased expression was detected as early as 3 hr after microinjection of the GADD45 expression vector (data not shown). Twenty-four hours after microinjection, 44 Ϯ 9% (mean Ϯ SD) of the Gadd45-overexpressing cells displayed morphologies that resemble cells arrested in an early phase of mitosis (Table 1) . These include the cells with a completely rounded shape and with positive staining for MPM2 ( Fig. 1 A, d ), a mAb that specifically recognizes certain phosphorylated proteins only present in mitosis (40) . These cells also showed extensive incompletely retracted cytoplasm ( Fig. 1 A,  a) and a partially condensed chromatin ( Fig. 1 A, c and C, c and g) with an intact nuclear membrane. Because the centrosome replicates during the S phase and separates into two functional centrosomes during mitosis, we determined the status of centrosomes in the Gadd45-arrested cells by a centrosome-specific antibody SPJ (53) . Approximately 85% of the Gadd45-arrested cells contained nonseparated centrosomes as analyzed by immunocytochemistry and confocal microscopy, and the remaining 15% of the arrested cells showed two separate centrosomes (Fig.  1C) . These data indicate that the cells were arrested in early prophase. Similar results also were obtained by using normal primary human fibroblasts from a different donor (GM00038) (data not shown). However, the Gadd45-associated morphological changes were not observed in cells microinjected with either ␤-gal expression vector or green fluorescent protein expression vector (pGreen-Lantern) (data not shown). Gadd45 induction of these morphological changes was not altered by the amount of GADD45 DNA microinjected, which ranged from an average of 2 molecules per cell to 40 molecules per cell (data not shown).
Time-course study indicates that the fraction of arrested cells increases with the incubation time and reaches 83% at 72 hr ( . Also, all of the cells entering into the cell cycle appear to be arrested by Gadd45 because the numbers of the bromodexoyuridine (BrdUrd)-labeled cells (Fig. 1B, b) at the same passages coincide with the numbers of the Gadd45-arrested cells. Of interest, the cytoplasmic retraction associated with Gadd45-arrested cells eventually went to completion (Fig. 1B, a) , as confirmed by the time-lapse video analysis (data not shown). To further demonstrate that the Gadd45-arrested cells had passed through S phase, we performed DNA ploidy analysis with a CAS imaging system. Unsynchronized normal primary human fibroblasts displayed a normal logarithmic-phase distribution (79% in 2n and 21% in 4n), whereas virtually all of the cells were 2n after being serum-starved for three days (Fig. 1D) . However, the Gadd45-arrested cells displayed 4n DNA contents. Taken together, these data indicate that increased expression of GADD45 in the normal primary human fibroblasts results mainly in a cell-cycle arrest at the G 2 ͞M transition. Unlike p53 overexpression, increased expression of GADD45 did not lead to the typical morphological changes associated with either p53 or ICE-induced apoptosis (45) . Gadd45-overexpressing cells also were negative by terminal deoxynucleotidyltransferase-mediated UTP end labeling assay (data not shown) (54) . Expression of Gadd45 also causes a G 2 ͞M arrest only in a colon carcinoma cell line HCT116 with wild-type p53, as analyzed by fluorescence-activated cell sorting analysis (data not shown). Gadd45-Induced Cell Cycle Arrest Is p53-Dependent. Although Gadd45 induced a G 2 ͞M arrest in normal human fibroblasts, it did not induce a G 2 ͞M arrest in a fibroblast cell line derived from a Li-Fraumeni patient (LFS041) that does not contain p53 protein (47) (Table 1) . Furthermore, the dominantnegative p53 mutants can also abrogate a Gadd45-induced arrest in normal fibroblasts when coexpressing together, presumably by neutralizing the endogenous wild-type p53 (Fig. 2) . A protective effect was not observed when GADD45 was coexpressed with either a ␤-gal expression vector or a green fluorescent protein expression vector (data not shown). Thus, Gadd45-induced G 2 ͞M arrest is p53-dependent.
Gadd45-Deficient Cells Are Defective in Either UV or MMSInduced G 2 ͞M Arrest. A genetic approach was then used to test the hypothesis that Gadd45 is required for the DNA damageinduced G 2 ͞M checkpoint. By using flow cytometry analysis, we first compared the cell-cycle distributions of unsynchronized cell populations from the parental human RKO colon carcinoma cells of UV, or 25 g͞ml MMS. We selected these doses for MMS and UV radiation because they were not toxic to these cells in a short-term growth assay and because higher doses primarily caused a delay in S phase, which may be caused by a high frequency of DNA lesions blocking replication or initiating an S phase checkpoint (data not shown). Fig. 3A depicts a representative flow cytometric analysis profile of these cells. The three untreated antisense GADD45 clones had similar G 1 fractions, slightly lower S fractions, and slightly increased G 2 ͞M fractions compared with parental RKO cells (Fig. 3A) . IR caused a significant accumulation in G 2 ͞M with concomitant reductions in G 1 and S in all four cell lines. After MMS exposure, the parental RKO cells clearly accumulated in S and G 2 ͞M. However, the three GADD45 antisense clones failed to arrest in G 2 ͞M after MMS treatment, although the S phase accumulation still occurred (Fig. 3A) . Similar results also were obtained with cells synchronized by either a uridine biosynthesis inhibitor (phosphoacetyl)-Laspartate (PALA) or aphidicolin (data not shown). RKO-E6 cell line also did not accumulate in G 2 ͞M after UV or MMS exposure, consistent with the model that p53 may be required for these types of damage-induced G 2 ͞M checkpoint (data not shown).
A BrdUrd labeling protocol was used to further examine whether the lack of a G 2 ͞M arrest is caused by failure in controlling the G 2 cell cycle exit. The RKO parental cells and three antisense Gadd45-expressing clones were synchronized at the G 1 ͞S transition by treatment with 1 g͞ml aphidicolin for 24 hr. Greater than 95% of cells had a G 1 DNA content following synchronization (Fig. 3B) . On release from the aphidicolin block, cells were treated with various DNA-damaging agents and incubated for an additional 20 hr in the presence of BrdUrd. Cells were harvested and the BrdUrd-positive cell populations were subjected to FACScan analysis. Untreated parental RKO cells and three antisense clones (RKOAS45-1, RKOAS45-2, and RKOAS45-14) displayed similar cell cycle distributions (28, 30, 29 , and 31% in second G 1 ; 35, 39, 40, and 39% in first S; 37, 31, 31, and 30% in first G 2 ͞M, respectively) (Fig. 3B) . The G 1 ͞G 2 ratios from parental and RKOAS45-1, RKOAS45-2, and RKOAS45-14 were 0.8, 0.9, 1.0, and 1.0, respectively. After treatment with 6.3 Gy IR, most of the cells in the parental and antisense clones (Ͼ74%) were accumulated in the first G 2 ͞M, indicating a functional ␥-radiation-induced arrest (Fig. 3B) . After exposure to a 5 J͞m 2 UV, many of the parental RKO cells (51%) were arrested at the first G 2 ͞M, with a small population (22%) in the second G 1 . However, the three antisense Gadd45-expressing clones (RKOAS45-1, RKOAS45-2, and RKOAS45-14) did not accumulate at the first G 2 ͞M and continued into the second G 1 of the cell cycle (Fig. 3B) . Similar results were obtained when these cells were treated with 25 g͞ml MMS (data not shown). Collectively, the above data indicate that the parental RKO cells have a physiologically normal G 2 ͞M checkpoint in response to UV, MMS, and IR treatment and that increased expression of either antisense GADD45 mRNA or E6 allows the RKO cells to escape the G 2 ͞M arrest induced by either UV or by MMS treatment but not by IR.
To extend the above results to murine cells, we compared the mitotic index of lymphocytes derived from normal and gadd45 knockout (Ϫ͞Ϫ) mice in response to UV or IR irradiation. These The BrdUrd-positive cells were subjected to FACScan and MODFIT analysis (d). The first solid peaks, the gray area, and the second solid peaks represent the second G1 (2nd G1), first S (S) and first G2͞M (1st G2) fractions, respectively. No second S phase should be observed in this condition. The numbers above the second G1 peaks are the ratio of G1͞G2 (percent of G1 fraction escaped from G2͞M arrest).
Cell 2 or to IR at 5 Gy. A significant reduction in the percentage of the mitotic cells was observed at both time points in gadd45 ϩ͞ϩ lymphocytes after 7.5 J͞m 2 of UV treatment (Fig. 4) , indicating a functional G 2 ͞M checkpoint in these cells. However, no alteration of mitotic index in the gadd45 Ϫ͞Ϫ lymphocytes exposed to UV radiation was observed. Similar results were observed in lymphocytes exposed to UV radiation at either 7.5 or 20 J͞m 2 from two individual gadd45 mice (data not shown). However, lymphocytes from gadd45 ϩ͞ϩ and gadd45 Ϫ͞Ϫ mice displayed normal arrest when irradiated with 5 Gy IR (Fig. 4) . Taken together, we conclude that cells lacking Gadd45 are defective in a G 2 ͞M checkpoint induced by either UV or MMS.
Cyclin B1 and Cdc25C Attenuate the Gadd45-Induced G 2 ͞M Arrest. The mechanism(s) of Gadd45-mediated G 2 ͞M arrest was explored by investigating the effects of G 1 -to-S phase or G 2 -to-M phase cell cycle-modulating genes. Various cell cycle-related cDNA expression vectors were coinjected with the GADD45 expression vector into normal primary human fibroblasts. Increased expression of either human cyclin B1 or Cdc25C, proteins required for the G 2 ͞M transition (57), partially blocked the Gadd45-induced G 2 ͞M arrest (P Ͻ 0.05) (Fig. 5) . Coexpression of cyclin B1 and Cdc25C almost completely abolishes Gadd45-mediated G 2 ͞M arrest (Fig. 5) . However, increased expression of either the human G 1 ͞S phase-specific protein phosphatases cdc25A or cdc25B, or the human G 2 -specific cyclin-dependent kinase p34 cdc2 had little effect on the Gadd45-induced G 2 ͞M arrest. Although these data do not provide conclusive evidence, they are consistent with the plausible model that Gadd45 arrests cells through inactivation of these factors.
Because p21 binds to Gadd45 in vivo (40, 42) , we then determined whether p21 is required for the Gadd45-mediated G 2 ͞M arrest. GADD45 expression vector was microinjected into either HCT116 cells or two clonal derivatives in which the p21 gene was homozygously deleted (15) . GADD45 was capable of inducing G 2 ͞M arrest in all three cell lines (Table 1) . We also tested whether fibroblasts from patients with ataxia telangiectasia (AT) display an abnormal G 2 ͞M arrest by Gadd45, because a deficiency in G 2 ͞M checkpoint in response to IR treatment was associated with cells from AT patients (9, 24) suggesting that ATM is required for the G 2 ͞M checkpoint, similar to RAD3 in S. pombe and MEC1 and TEL1 in S. cerevisiae. Increased expression of Gadd45 efficiently led to a G 2 ͞M arrest in fibroblasts from an AT patient (GM03395), which is indistinguishable from the normal fibroblasts (Table 1) . Thus, we conclude that both p21 and ATM are dispensable for the Gadd45-mediated G 2 ͞M arrest in normal human fibroblasts.
DISCUSSION
Our findings demonstrate that Gadd45 can mediate a G 2 ͞M cell-cycle checkpoint in both human and murine cells. Genetic evidence of the importance of Gadd45 in a G 2 ͞M checkpoint is provided by a defective UV but not IR-induced G 2 ͞M arrest in gadd45 Ϫ͞Ϫ murine lymphocytes and in antisense GADD45-expressing human colon carcinoma cells. Increased expression of Gadd45 in normal primary human fibroblasts arrests the cells in G 2 ͞M. The data also agree with the previous reports that antisense GADD45-expressing RKO cells displayed a decreased clonogenic survival to UV radiation but not IR radiation (39, 56) . Increased expression of Gadd45 in normal primary human fibroblasts also arrests the cells at the G 2 ͞M transition. The arrested cells show an early mitotic morphology and mitotic markers, with 4n DNA content, a partially condensed nucleus with an intact nuclear membrane, a delay in cytoplasmic retraction, and with 15% of the arrested cells having two separated centrosomes. Taken together, we conclude that Gadd45 is required in human cells for a normal G 2 ͞M checkpoint in response to certain kinds of DNA damage.
The transition from G 2 to M is regulated in part by the mitosis-promoting factor, consisting of cyclin B1 and a G 2 -specific cyclin-dependent kinase Cdc2 (for review, see ref. 57 ). The level of Cdc2 is relatively high and remains constant through the cell cycle, whereas the level of cyclin B1 is strictly dependent on the phase of the cell cycle and largely increases during the G 2 ͞M transition. In mammalian cells, Cdc2 can be phosphorylated by the Cdc2-activating kinase, a complex containing cyclin H and CDK7͞MO15. This in turn activates the mitosis-promoting factor and promotes mitosis. Cdc2 also can be negatively regulated by phosphorylation at Tyr-15 by the WEE1 kinase. Cdc25C, one of the three cell cycle-specific protein phosphatases in mammalian cells, may activate the mitosis-promoting factor by dephosphorylating this site. Recent studies provide evidence indicating the involvement of Cdc25C in the IR-induced G 2 ͞M checkpoint through activation of a protein kinase Chk1 (27) (28) (29) . This pathway, conserved from yeast to human, requires the activation of Chk1 followed by inactivation of Cdc25C through binding to 14-3-3 to initiate a G 2 ͞M checkpoint (27-29). However, multiple   FIG. 4 . Failure of the UV-induced mitotic delay of murine gadd45 (Ϫ͞Ϫ) lymphocytes. Proliferating lymphocytes from gadd45 (ϩ͞ϩ) mice (E) or gadd45 (Ϫ͞Ϫ) mice (F) were treated with UV radiation at 7.5 J͞m 2 (A) or with IR at 5 Gy (B). Mitotic indices were determined at the indicated times after irradiation and are shown as a percentage of the appropriate unirradiated control cells. For A, pooled lymphocytes from two gadd45 (Ϫ͞Ϫ) male mice at 11 weeks of age and two gadd45 (ϩ͞ϩ) male mice at 15 weeks of age were used. For B, pooled lymphocytes from three gadd45 (Ϫ͞Ϫ) male mice at 4 weeks of age and three gadd45 (ϩ͞ϩ) male mice at 6 weeks of age were used. Similar results were observed from three separate cultures that also included female mice (not shown).
FIG. 5.
Effect of various cell cycle-modulating genes on the Gadd45-induced G2͞M arrest. Normal primary human fibroblasts were either microinjected alone with GADD45 or coinjected with cyclin B1, cdc25A, cdc25B, cdc25C, or p34 cdc2 (cdc2). Cells were fixed at 24 hr, and Gadd45-positive cells displaying an arrested morphology were scored. At least three independent microinjection experiments were averaged, and data are expressed as mean Ϯ SD. By using Student's t test, a statistically significant P value (Ͻ0.05) was obtained between GADD45 alone and coinjection with cyclin B1 and͞or cdc25C. G 2 ͞M checkpoints may exist in mammalian cells. Analysis of the Gadd45-deficient cells in response to various DNA damaging agents reveal that these cells still retain a functional G 2 ͞M checkpoint after IR treatment, yet they are deficient in either UV-or MMS-induced G 2 ͞M arrest. Thus, the IR-mediated pathway differs from the UV-and the MMS-mediated pathways in initiating the G 2 ͞M checkpoint. UV radiation and IR induce different types of DNA damage, and the cellular responses also are probably different. For example, the p53 response to IR is rapid but very transitory compared with UV (58), and UVinduced p53 accumulation is partially dependent on UV-induced oxyradicals (59) . One difference between IR and UV radiation is that UV causes less DNA strand breaks than does IR. It is known that cells from AT patients are defective in their response to IR, but show a normal response to UV radiation, indicating that the AT-related cell-cycle checkpoint deficiency is limited to IR.
p53 has been implicated in controlling a G 2 ͞M cell-cycle checkpoint (30) (31) (32) (33) (34) . However, an IR-induced G 2 ͞M checkpoint is generally p53-independent (30, 48, 60) . By using the oncogenic HPV-16 E6 gene to inactivate p53, we show here that p53 may be necessary for either the UV-or MMS-induced G 2 ͞M checkpoint but is not required for an IR-induced G 2 ͞M checkpoint. In contrast to previous work suggesting that Gadd45 may be a component of the p53 signaling pathway, our data indicate that p53 may be necessary for Gadd45 to execute the G 2 ͞M checkpoint because no G 2 ͞M arrest by Gadd45 expression or by UV radiation was observed in p53-null cells. It is possible that Gadd45 may cooperate with p53 and activate p53 to promote G 2 ͞M arrest, similar to the action of p33 ING1 (61) . However, no evidence so far indicates that Gadd45 directly binds to p53 (data not shown). Alternatively, Gadd45 and p53 may activate separate downstream targets that cooperate to execute the G 2 ͞M block. We favor this model because Gadd45 physically interacts with Cdc2 but not cyclin B1 in vivo and in vitro (62) . In addition, a purified recombinant Gadd45 protein inhibits the H1-kinase activity associated with Cdc2͞cyclin B1 in vitro through dissociation of Cdc2͞cyclin B1 complex (62) . Thus, Gadd45 may be involved in a G 2 ͞M checkpoint at least in part through direct inactivation of Cdc2͞cyclin B1 kinase activity. The Gadd45-mediated G 2 ͞M checkpoint depends on p53 function. We hypothesize that p53 participates in this pathway by direct binding to Cdc2 (63) (64) (65) . Because the level of cyclin B1 is critical during the G 2 -to-M transition, we also hypothesize that p53 also inhibits Cdc2͞cyclin B1 kinase activity by either transrepressing cyclin B1 expression or enhancing its degradation. Another candidate to inhibit G 2 ͞M progression is 14-3-3 (35) . p53 transcriptionally up-regulates 14-3-3, which in turn may inhibit nuclear transport of Cdc25C by sequestering it in the cytoplasm (35) . Consistent with this model are our findings that the expression of either cyclin B1 or Cdc25C only partially attenuates Gadd45-mediated G 2 ͞M arrest and that the coexpression of both genes results in a complete abrogation. Thus, the Gadd45 induction of a G 2 ͞M checkpoint is independent from the IR-induced pathway that requires ATM and Chk1. Our results indicate a multiplicity of G 2 ͞M checkpoint pathways linked to different types of DNA damage in mammalian cells.
Cell-cycle checkpoint genes are generally conserved from human to yeast, including the human ATM and Chk1 genes. Because a yeast gene homologous to either human Gadd45 or p53
has not yet been identified, Gadd45 or p53 may share a unique function in multicellular organisms to control the cell-cycle checkpoints and to maintain genomic stability.
